This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to):. 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT . 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 

As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



, Application No. 09/508.378 
Attorney's Docket No. 032013-024 

Page 5 

REMARKS 

Entry of the foregoing, re-examination and reconsideration of the application 
identified in caption, as amended, pursuant to and consistent with 37 C.F.R. §1.112, and 
in light of the remarks which follow, are respectfully requested. 

The claims have been amended at least partly in response to issues raised in the 
Office Action. Newly added claims 37-39 are directed to subject matter deleted from 
claims 1 and 2. Claims 1, 2, 4, 5, 14, 16, 29, 34 and 37-39 are currently pending in this 
application. 

Claims 1, 2, 4, 5, 14, 16, 29 and 34 have been rejected under 35 U.S.C. §112, 
second paragraph, as indefinite for reasons set forth in paragraph (5) of the Office Action. 
Reconsideration of this rejection is requested in view of the above amendments. 

The claims have been revised in response to the §112 issues raised by the 

Examiner. Specifically, certain optional features have been deleted from some claims and 

i 

introduced as new claims. The word "characterized" has been replaced in the, claims. 
Markush terminology has been added to claim 14, In view thereof, the §112 rejection 
should be withdrawn. 

Claims 1, 2, 4, 5, 14, 29 and 34 have been rejected under 35 U.S.C. §102(b) as 
anticipated by WO 95/02314 for the reasons set forth in paragraph (7) of the Office Action. 
Reconsideration of this rejection is respectfully requested for the following reasons. 

The presently claimed invention relates to a solid polymer electrolyte comprising a 
high mass or three-dimensional cross-linked methacrylonitrile homopolymer or copolymer. 
The solid methacrylonitrile polymer electrolytes of the invention overcome the problems 
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associated with the prior art use of acrylonitrile polymers as discussed on pages 2-4 of the 
specification. The cited WO 95/02314 publication does not disclose solid polymer 
electrolytes derived from methacrylonitrile. 

"To anticipate a claim, a prior art reference must disclose every limitation of the 
claimed invention, either explicitly or inherently." In re Schreiber . 128 F.3d 1473, 1477, 
44 USPQ2d 1429, 1431 (Fed. Cir. 1997); accord Glaxo Inc. v. Novopharm Ltd.. 52 F.3d 
1043, 1047, 34 USPQ2d 1565, 1567 (Fed. Cir. 1995). In addition, the prior art reference 
must disclose the limitations of the claimed invention "without any need for picking, 
choosing, and combining various disclosures not directly related to each other by the 
teachings of the cited reference." In re Arklev . 455 F.2d 586, 587, USPQ 524, 526 
(CCPA 1972). 

Applicants have carefully reviewed the disclosure of the '314 document and can 
find no mention of methacrylonitrile as a suitable monomer. It appears to be the 
Examiner's position that the disclosure of a derivative of acrylonitrile (page 9, line 33) 
would anticipate the use of methacrylonitrile. Applicants respectfully submit that this is 
mere conjecture and not sufficient to establish anticipation. Derivatives of acrylonitrile 
encompass monomer ic materials such as acrylic acid and acrylamide, among others. Since 
there is no disclosure in the '314 document of a methacrylonitrile copolymer, the § 102(b) 
rejection" should be withdrawn. 

Claim 16 stands rejected under 35 U.S.C. § 103(a) as unpatentable over WO '314 in 
view of U.S. Patent 5,800,914 to Shiokawa et al for reasons expressed in paragraph (11) of 
the Office Action. Reconsideration of this rejection is requested for the following reasons. 
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In WO '314, the copolymer in the electrolyte is a poly aery lonitrile copolymer, i.e., 
it always contains acrylonitrile repeat units associated with repeat units from another 
monomer, for example acrylic acid, methacrylic acid or itaconic acid. In the preferred 
embodiment described on page 18, a poly aery lonitrile copolymer is used. No mention is 
made of a me thacry lonitrile copolymer. 

In the present invention, the polymer in the electrolyte is a methacrylonitrile 
homopolymer or a copolymer. As discussed on pages 2-3 of the specification, when an 
electrolyte containing polyacrylonitrile is used in combination with a metallic lithium 
electrode, "the interfacial resistance between lithium and the electrolyte steadily increases 
with contact time. This disadvantage is partly related to the presence, in the repeat unit, of 
a hydrogen carried by the tertiary carbon which is situated in the a position with respect to 
the nitrile group (CN). The highly electron-withdrawing effect of this nitrile group renders 
this hydrogen markedly more acidic. The result of this is a modification over time in the 
performance of the generator. The interfacial resistance gradually increases, which affects 
the performance of the battery, in particular the power delivered. Furthermore, thermal 
degradation of the PAN is reflected by the release of hydrocyanic acid (HCN), which is 
harmful from the viewpoint of safety of use, in particular for use by the general public. 
Finally, from the process viewpoint, PAN is not soluble in solvents with low boiling 
points. The most commonly used solvent for PAN is DMF or dimethylformamide, the 
boiling point of which is 152° C. Such a characteristic excludes certain processes for 
shaping the polymer electrolyte. This is because one of the conventional routes for the 
preparation of polymer electrolytes for lithium batteries consists in dissolving a polymer, a 
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salt and a mixture of constituent solvents of the polymer electrolyte in a common solvent, 
preferably with a low boiling point, and then, after having cast the mixture in the form of a 
film, in driving off the common solvent at atmospheric pressure or under reduced pressure 
without removing the constituent solvents of the plasticized polymer electrolyte. The use 
of a common solvent such as DMF excludes a preparation process incorporating solvents 
with boiling points lower than that of DMF. In other processes, the PAN + salt mixture is 
dissolved under warm conditions in a mixture of cyclic carbonates, before being cast in 
order to produce a polymer electrolyte membrane. Dissolution is carried out at an 
excessively high temperature which excludes, for example, the use of noncyclic 
carbonates." (Page 2, line 29 - page 3, line 31). 

Evolution with time of interfacial resistance of PAN electrolytes in contact with a 
lithium electrode has been measured and the results have been published by Croce, et al., 
Electrochimica Acta, 39 (14), (1994) 2187 (copy enclosed). It appears clearly from 
Fig. 10 that the interfacial resistance of the lithium electrode grows over time. 

Evolution with time of interfacial resistance of PMAN (polymethacrylonitrile) 
electrolytes in contact with a lithium electrode has been measured and compared to the 
results obtained and published by Croce, et al., as above mentioned. The comparison has 
been published in N. Chaix, F. Alloin, JrP. Belieres, J. Saunier, J-Y. Sanchez in 
Electrochimica Acta, 47 (2002), 1327-34 (copy enclosed). Fig. 2 of this document shows 
that upon storage of 4 days at ambient temperature, the interfacial resistance of PAN 
electrolyte increased by about 500%, whereas after 17 days, the interfacial resistance of 
PMAN electrolytes decreased by about 200%. 
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Since the electrochemical instability of a polymer is mainly related to the repeat 
unit, the behavior of isobutyronitrile (iBuCN) and pivalonitrile (tBuCN), which mime 
respectively the repeat unit of PAN and PMAN, was compared and the results shown in 
Chaix, et al. The study was performed by cyclic voltametry. When cyclic voltametry 
(three electrodes configuration, metallic lithium as reference electrode, platinum as 
working electrode) is performed at 25 °C on tBuCN/LiTFSI solutions, the lithium 
plating/stripping efficiency remains constant and close to 50% over ten consecutive cycles. 
Under the same conditions, the lithium plating/stripping decreases continuously and 
reaches 29% at the sixth cycle. When cyclic voltametry is performed in the absence of 
lithium salt and lithium metal to prevent a lithium deposit which might mask other 
reduction reactions, i.e., using TBAP (tetrabutyl ammonium perchlorate) instead of 
LiTFSI, tBuCN appears markedly more stable in reduction than iBuCN. 

Comparative examples were conducted by the inventors which showed that there is 
a substantial difference when comparing conductivity and interface resistance of a 
polyacrylonitrile and of a copolymer of methacrylonitrile and hydroxymethylmethacrylate 
(which has no acrylonitrile repeat units). The data was obtained as follows. 

A polyacrylonitrile polymer (PAN) was prepared from acrylonitrile. 

A methacrylonitrile copolymer (PMAN/HEMA) was prepared from 
methacrylonitrile and hydroxy ethylmethacry late. 

Monomers were obtained from Aldrich. 

Polymers were prepared in a dry box under argon by free-radical polymerization in 
bulk using azobisisobutyronitrile as the initiator at a temperature maintained at 80 °C for 2 
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days. The polymer thus obtained was dissolved in dimethylketone and then precipitated in 
pentane under ultrasonic bath agitation. The polymer was dried for several days at 50 °C in 
a glove box. 

An electrolyte was prepared from PAN by dissolving PAN in anhydrous dimethyl 
ketone and then adding a solution of LiTFSI in a 1/1 mixture of ethylene carbonate (EC) 
and propylene carbonate (PC), in amounts such that PAN represents 11% and EP/PC 
represents 89%, the LiTFSI concentration being 1M. 

An electrolyte was prepared from PM AN/HEM A according to the following 
method: a solution was prepared by dissolving MAN/HEM A and hexamethylene 
diisocyanae (HMDI) used as a crosslinking agent, in anhydrous dimethyl ketone. HMDI is 
used in stoichiometric ratio with respect to the concentration of HEM A. The 
PMAN/HEMA ratio is 5,8/94,2 mol/mol. Then a solution of LiTFSI in a 1/1 mixture of 
ethylene carbonate (EC) and propylene carbonate (PC) was added, in amounts such that 
PMAN/HEMA represents 11% and EP/PC represents 89%, the LiTFSI concentration 
being 1M. 

Fig. 1 shows the conductivity a (Q^cm -1 ) vs the temperature 1000/T (K 1 ) 
The conductivity measurements of the cross-linked PMAN-HEMA copolymer 
(black triangles) and PAN (squares), swollen with the same liquid electrolyte composition 
(EP/PC, 1/1, LiTFSI) and at a same ratio of liquid (89%), shows an important gap, as 
PMAN-HEMA electrolyte is roughly 3 times more conductive in all the temperature ranges 
investigated. Thus, PMAN has more affinity than PAN for the liquid electrolyte. 
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Lithium interface resistance evolution with time is a good criteria of the 
electrochemical stability of polymer electrolytes. The evolution with time of the interfacial 
resistance has been measured for the PAN electrolyte and for the PMAN/HEMA 
electrolyte as specified above, by impedance spectroscopy in a symmetrical cell consisting 
of 2 metallic lithium electrodes, in the same experimental conditions: i.e., in a glove-box 
under argon, at ambient temperature with the same content of the electrolyte. 

Fig. 2 shows the interface resistance R inte rface (^) vs time, in hours. 
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The interface resistance increases continuously with time for PAN electrolyte 
(squares). This result is in agreement with Croce, et al., (Electrochimica Acta 39 (14), 
(1994) 2187)). On the contrary, a significant decrease with time of this interface resistance 
was observed for cross-linked PMAN-HEMA electrolyte (black triangles). After 350 
hours, PMAN interfacial resistance is roughly 5 times lower than that measured for PAN. 
This clearly shows that the replacement of PAN by PMAN, greatly improves the stability 
in reduction. It may also be pointed out that the polymer electrolyte interface resistance is 
even lower than that of pure liquid electrolyte. 

Fig. 2 
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As the above showings indicate, there is a substantial and unexpected advantage in 
using methacrylonitrile polymers as solid polymer electrolytes, in place of the acrylonitrile 
polymers of WO '314. This result could not have been predicted from the combined 
disclosures of WO '314 and Shiokawa '914. Accordingly, the §103(a) rejection based on 
these two documents should be withdrawn. 

Claims 1, 2, 4, 5, 14, 29 and 34 stand rejected under 35 U.S.C. §102(b) as 
anticipated by or, in the alternative, under 35 U.S.C. § 103(a) as obvious over U.S. 
Patent 5,219,679 to Abraham et al. or EP 0 798 791 for the reasons set forth in paragraph 
(12) of the Office Action. Reconsideration of these rejections is respectfully requested in 
view of the following comments. 

Neither Abraham '679 nor EP '791 discloses methacrylonitrile as a suitable 
monomer for preparing solid polymer electrolytes. Accordingly, the § 102(b) rejections 
based on these documents are inapplicable to the present claims, as amended, and should 
be withdrawn. 

Regarding the §103 (a) rejections, the use of methacrylonitrile polymers as solid 
polymer electrolytes provides unexpected advantages over the use of acrylonitrile polymers 
as fully discussed above. These unexpected advantages could not have been predicted by 
those of ordinary skill familiar with the disclosures of Abraham '679 or EP '791. 
Accordingly, the presently claimed invention is not obvious in view of the disclosures of 
these documents and the § 103(a) rejections should be withdrawn. 
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In view of the above amendments and remarks, it is respectfully submitted that this 
application is now in condition for allowance. If there are any questions, the Examiner is 
invited to telephone the undersigned at (703) 838-6683 at his/her earliest convenience. 

Respectfully submitted, 

Burns, Doane, Swecker & Mathis, L.L.P. 



,By: 



ree F. Lesmes ( 



George F. Lesmes 
Registration No. 19,995 



P.O. Box 1404 

Alexandria, Virginia 22313-1404 
(703) 836-6620 

Date: November 19, 2002 
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Attachment to AMENDMENT dated November 19. 2002 
Marked-up Claims 1, 2, 4, 5, 14, 16, 29 and 34 

Please replace claims 1,2, 4, 5, 14, 16, 29 and 34 as follows: 

1. (Amended) Solid polymer electrolyte, [characterized in that it comprises] 
comprising at least one methacrylonitrile polymer chosen from: 

linear homopolymers of high mass[, which may or may not be reinforced]; 
three-dimensional crosslinked homopolymers [, which may or may not be 
reinforced, rendered three dimensional by crosslinking] ; 
linear methacrylonitrile copolymers of high mass; or 
three-dimensional copolymers of methacrylonitrile and of at least one 

crosslinkable comonomer [which makes possible crosslinking, which copolymers are 

rendered three dimensional by crosslinking]. 

2. (Twice Amended) Solid polymer electrolyte according to Claim 1, [characterized 
in that] wherein the methacrylonitrile polymer is a copolymer of methacrylonitrile and of a 
comonomer which [makes possible the use of] is soluble in solvents with low boiling points 
[and/or of a comonomer which makes possible internal plasticization of the polymer by 
decreasing its glass transition temperature and/or of a comonomer which makes possible 
the introduction of a ionic functional group in order to obtain a unipolar electrolyte] . 
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Attachment to AMENDMENT dated November 19. 2002 

Marked-up Claims 1, 2, 4, 5, 14, 16, 29 and 34 

4. (Twice Amended) Solid polymer electrolyte according to Claim 1, wherein [ 

characterized in that] the methacrylonitrile polymer is a copolymer of methacrylonitrile and 
of at least one acrylic or methacrylic comonomer. 

5. (Amended) Solid polymer electrolyte according to Claim 4, wherein 
[characterized in that] the methacrylonitrile polymer is a copolymer of methacrylonitrile 
and of at least one acrylic comonomer corresponding to the formula CHX = CZ-CO-V-Y, 
in which: 

X represents C n H 2n+1 , with 0 < n < 8; 

Z represents C n H 2n+1 , with 0 < n <, 8, or (CH 2 ) m CN, with 0 < m < 4; 

V represents O, NH or NR, R represents C n H 2n+ i, with 0 < n < 8; 

Y represents a C n H 2n+1 radical, with 0 < n < 8, a radical [carying] carrying 
an oxirane group C n H 2n -(CH-CH 2 )-0, with 1 < n < 4, or a radical [(CH 2 ) m -0-] p R\ in 
which m = 2, 3 or 4, 1 ^ p < 50 and R' represents C n H 2n+1 , with 0 < n < 8. 

14. (Twice Amended) Solid polymer electrolyte according to Claim 2, 
[characterized in that] wherein the methacrylonitrile polymer is a bipolymer of 
methacrylonitrile and of a monomer carrying [a] an ionic functional group selected from 
the group consisting of carboxylate, phosphate, phosphonate, sulfonate [or] and 
perfluorosulfonate [ionic functional group] . 
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Attachment to AMENDMENT dated November 19. 2002 

Marked-up Claims 1, 2, 4, 5, 14, 16, 29 and 34 

16. (Amended) Solid polymer electrolyte according to Claim 4, wherein 

[characterized in that] the comonomer is glycidyl aery late or glycidyl methacrylate. 

29. (Amended) Process for the bulk preparation of a methacrylonitrile polymer by 
the radical route, [characterized in that it comprises] comprising the following stages: 

a thermal-decomposition free-radical initiator is dissolved in 
methacrylonitrile or a mixture of methacrylonitrile with at least one comonomer, 

the mixture is degassed in order to remove the oxygen and is introduced into 
a hermetically closed chamber, 

the mixture is brought to a temperature of 60 to 90 °C and is maintained at 
this temperature for 24 to 72 hours. 

34. (Amended) Solid polymer electrolyte according to Claim 2, [characterized in 
that] wherein the methacrylonitrile polymer is a copolymer of methacrylonitrile and of at 
least one acrylic or methacrylic comonomer. 
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SYNTHESIS AND CHARACTERIZATION OF HIGHLY 
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INTRODUCTION, ^ /' ,;: 

P lymcrs with a charge transport of the ionic type, 
often called "polymer electrolytes*- or in a broader 
sense "polymer ionics", have attracted large scientific 
and technological interest[.ll . Among . the most 
promising, highly conducting, new . generation 
polymer ionics are gel-typc c systen1s; a^r^tnstancc 
those obtained by irhiriobiliang in a 
polyfacrylonitrilc) PAN matrix Li salt solvates in 
organic solvent mixtures, such as the propylene 
ca/bonatc-ethylcne ^carbbriate, PC-EC mixture. 

These gel electrolytes, which were originally 
described by Fcuillade and Perchc[3] and further 
characteruwd by Abraham and cc-workersri, 4, 5]' 
are dimensional |y stable and have a room tem- 
perature conductivity in the range of 10" 3 Scm -1 . 
These exceptional characteristics make PAN-^ased 
gel electrolytes of immediate interest to the develop- 
ment of ambient temperature, advanced design, elec- 
trochemical devices. 

Alth ugh gel electrolytes appear to be dose to 
practical exploitation, their basic elo^iochcTnicaJ 
properties are not yet fully understood and clarified. 
In an attempt to fill this gap. we have selected some 
representative examples of these electrolytes and 
investigated their behaviour in terms of bulk conduc- 
tivity, electrochemical stability windows, Uthium 
transference number and i compatibility; with * the' 
uthium metal electrode. The result^ate ref &fm and 
described in this paper. 

EXPERIMENTAL 
Material and samples preparations 

For this study we have selected six representative 
examples of PAN-based gel electrolyte^; namely the 



systems having the following molar composition : 
S-l) PAN;16/PC;23/EC:56.5A-iCIO A :4.5 



S-7) PA*:21PC:33/E£;3^^ ^ 
' - l ' v "" f: ' ;; ' j J-r p - ^■ ^^l^uTm^ 

These compositions were,dctcrmmcd. as the most 
suitable for ensuring complete roiscibtltty between 
the various components and thus; the 'full homo- 
geneity or the final electrolytic merhbrariesL 

Lithium perchlorate LiCiO« (Flu ka 1 ' ^9,5%), 
lithium hcxaHuoroarsenatc LiAsF^ and lithium per- 
ftuorosulphonimide LiNCCFjSOjJj (3M reagent 
grade), were used as received. Commercial PAN 
(Aldrich, reagent grade) was dried by heating it 
under vacuum at 80°C Care was taken in control- 
ling the annealing temperature in order to avoid 
decomposition. 

Both propylene carbonate, PC and ethylene car- 
bonate, EC (Fluka reagent grade) were purified by 
distillation under reduced pressure. Solid EC was 
mixed in the desired proportion with PC, and the 
resulting EC-PC liquid mixture was dried by storing 
it over molecular sieves. yTButyrolactone; BL :(Fluka 
reagem.grade) was dritd bystoring it over inolecular 
sieves." ?-•* " . v: ; • V\ r : 4 ^':;-.'?^^ 

AH tne <»mponents^iiamely^ tne^ sheeted -%hiurn ^ 
salt and PAN, were dissolved in the given organic 
solvent or the organic solvent mixture at tem- 
peratures ranging between 100 and 110*C. The thus 

btaincd 1 highly Wiscemt, solutions were cast ont 
glass sheets t obtain tM desired solid: thembraiies, 
generally having a translucent; elast hieric 1 abbear- 
ancc • ■ ' " *' : • v\: : \T^ 
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Sample characterization 

The conductivity plots of the vari us electrolyte 
^Pte-Lwcre obtained by measuring the tern* 
peraturc dependence of the impedance of cells 
formed by sandwiching the given sample between 
two stainless steel (SS 304) blocking electrodes. The 
measurements were performed using a Solarirbn 
Model 1260 Frequency Response Analyser. A ther- 
mostatic bath with 0.1°C precision was utilized to 
stabilize the temperature, r 

The cyclic voltammograrns , were recorded v : by 
means of a computer-controlled 273 PAR poten- 
tiostat The electrochemical stability of the electro- 
lytes was determined by running a sweep 
Mltaznmetry on a ^ree^e!cWo r 4e ^.M^V^Sn^ 
less steel (SS *04) plate was the working electrode! *f 
lithium disk was the counter electrode and a tithium 
strip placed between two adjacent layers of gel elec- 
trolyte, was the reference electrode. 

The lithium ion transference numbers of t£e 
various selected samples were measured by utilizing 
both the impedance method described by Bruce and 
Vincent[6] and the so called a time-of-fly" method 
described by* Wafatiabe et al\T\, 



The Li/SPE (Solid Polymer Electrolyte) interfacial 
characteristics were obtained by monitoring the time 
de^n^ence^^tfie impedance of symmetrical Li/ 
■ SPE/Li cells utilizing the same instrumentation used 
in the case bf the conductivity measurements. 

RESULTS AND DISCUSSION 

4 r Figures l^d; 2 illustrate the dependence of the 
conductivity bra* PAN-based gel electrolytes <S-l 
to $-6) samples considered in this work. The related 
tfc 5PfiP^.-l>te^ shoWThat the electrolytes reach con- 
M^W^f^fe^ d ^of KT^Scnr 1 at 60°C and 
:^fntftfimr«^^^putira <*# down t -20°Q 
the conductivity remains quite high (te in the range 
oflO~ 4 Scm" i V , 

Table I summarizes the room temperature con- 
ductivity of the six types of electrolytes and that f 
the parent liquid LidO^-PC/EC solution. For 
allowing a direct comparison between s lid and 
liquid electrolytes, Table I also reports the conduc- 
tivity of a UCICVPC/EC PAN electrolyte where 
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Fig. i Arrhcnius ploi of the LiX-PC/EC-PAJJ .electrolyte* UK - LiC10 4 (sample $-1). LiA&F 6 (sample 
' S^2) and LiNCCKiSO^ (sample S-3). 6 p 



Table 1. Electrolyte conductivity at 2S^C 



Electrolyte 



Solvent: salt 
ratio 



Sample 



Conductivity 
• Scm" 1 



UClO^rPC/EC 

iiCl<D^-PC/EC-PAN 

LiAsF 6 -PC/EC-PAN 

L1CIO4-FC/EC-PAN 

LiNtCFjSO^-PC/EC-PAN 

LiQ0 4 -BL-PAN 

LiAsF 6 -BL-PAN 

IiN(CF A SOj> 3 -BL/ECPAN 



8.8:1 
17.6:1 
17.6:1 
17.6:1 
17.6:1 
17.6:1 
17.6:1 



■s-?; 
s-i - 

S-3 

s-s 



5^ x I0" a 
2S x 10** 3 
415 x 10" 1 
4.6 x HT 3 
2X> x t()- J 
45 x 10" 3 
6,1 * 10-' 
4.0 x 10"» 
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the solvent to salt? 

namely equal to that of the quoted' liquid 
LiC10 4 -PC/EC solution. The data of Tabic 1 dearly 
show that the conductivity of the gel electrolytes 
closely approaches that of the parent liquid organic 
electrolytes. This result, which confirms those 
already reported by other authbrs[4; 5], seems at a 
first glance to imply a close similarity between the 
two classes of conductors. However, as suggested by 
the difference in the values of the ion transference 
number (see the following section), the mechanism of 
transport is somewhat different in the two cases. A 
more detailed discussion on this aspect and. gener- 
ally, on transport models for gel electrolytes is 
reported in a different papcr[8}. The high conduc- 
tivity is certainly one of the major features of the 
PAN-based ionic membranes. However, one must be 
aware that high conductivity is maintained, only 
when the electrolytes are kept in tightly closed 
environments. This is shown in Fig. 3, which 
compares the changes i ; m resistance of 



I) 

if 



I.Bo+003 • 




acU 



Fife. 3. Time evolution at room temperature of the resist- 
ance or a UaO^PC/EC-PAN (sample $-1) dccir lytc 
measured in sealed and unsealed cells. 



^ . r electrolyte when 

measured in a scaled cell and in a cell maintained 
open in the drybox. One can clearly see that in the 
former case the resistance remains practically con- 
stant for a period of 20 days while in the latter case 
4t continuously .increases. We have attributed this to 
a syneresis effect; namely to the fact that the gel 
systems are thcrmodynamically unstable and thus 
that under open-atmosphere conditions there is a 
progressive evaporation of excess fraction of liquid 
solvent. This induces a pro^essive increase in the 
viscosity of the electrolyte' and thus, a decay in the 
ionic mobility. 

2. Lithium transference number ^ 

It is today wel| established that the most prom- 
ising positive electrodes in lithium rechargeable bat- 
teries are based on insertion compounds. Typical 
examples are transition metal dichalcogenides (eg 
TiS l; NbjS^ and oxides (eg V*O l%% LiV 3 Oj, Since 
the eJectrocheimcal prpc^ bf tfa electrodes consists 
of the mterca^tions Wd^ntercalation of lithium 
ions throughout the* ScM cBmipound lattice, dectro- 
lytes with y+ transference number approaching 
unity (r u * 1) are desirable for avoiding concentra- 
tion gradient during the charge and discharge cycles. 
T^fFf?^ the evaluation of this parameter is of 
great imjpbr&nc^ of electro- 

lyte materials designed for battery application. 
^/Various methods have 7 been proposed for the 
determination of * u ^in polymer electrolytes, includ- 
ing ifc polarizations, ac impfct&nce spectroscopy, 
potentiometric analysis^ as well as classical Tubandt 
gravimetric anaiysis[9} However, not all of these 
techniques can be correctly used since they may be 
affected by some operational problems which are 
specifically related to the nature and the character- 
istics of the polymeric electrolyte media, such as 
adhesion of the layers (which excludes Ttsbandt 
measurements) and reactivity' toward the lithium 
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(which 



affects 



both dc and^M'^wcous polyme£^ For instances, values 

T-W* ^ ^^^^ff^n»^0.5'havc been found by AbnSS 



inetai electrode 

analyses). _ , ^ ^. ( . . 

to the past to identiijrand optumze expenmcnt tech*- ethoxy) ph sphazeoe], MEEP-based vSamSS. 

tuques which would be most suitable for correct trolytes. Furthermore; Matsuda « al tM 

transference number measurements in polymen reported a* value or •>., ."rgSS T&l Mm eas e of * 

.ri? k ° ) - based . «> ecIr olytes. Bruce and methylmethatSrylate) system, namely of a gel electrt 

VmcentC6] have recently shown that a method based lyte somewhat similar to those examined in £k 

on a combination of dc polari2ation and ac analysis! work. 

may jff^iycly provide reproducible and reliable V We have also attempted to determine i u . usin* a 

ST^-W 0 *- ~ toVC J™* 1 ** 1 technique, namely Se so^cd ^eT#y* 

also for the detennmation of in the PAN-based method described by Watanabc et dm MnS 
electrolytes examined taOiia wprk... Ujatfly. the the memod consists ofpolSg 
metho^asists of u^m^tim^^^. 

dc chronoamperometry. respectively; the, res^t? ^(SS^taibless steel) cell) for a reasonably kmltoe 
ance qf and the current across a symmetrical Li/ (typically th) in order to promote accurmjlatFonrf 
electrolyte/Li cell polarized by a ^ voltage, pulse, V, charge at thb Jnie^ and thTfoU^g 
The measoremciits are taken at the initial tune of the evolvement bf tlie current flowing through the same 
applied voltage puke U = t 9t R ~ R of 1 ~ and '7 cell immediately 'alter ' inverting the polarity of the 

I applied voltage. The idea is to promote the separa- 
i 9 f the iom> charge carriers during the initial 
l^|^i^n,i)cnod and then of monitoring the 
-^F^^^ft^?^ of time during the reverse p lar 



, | Q , , _ 

under steady conditions (r ■ r,, R « A,, / = /j. By 
using these values, the i u + is given by the expres- 
sion: ' "v ;? C 



a) 



where .1/. is the value of the. 4e voltage pulse applied 
to the cell for the chronoamperometric. analysis (in 
the case of this work V = lOmV). tV 
Tabic 2 reports the values obtained forsix PANr 
based electrolytes and, for comparison purpose, also 
values of cqirimon liquid organic and PEO-based 
polymer \tltttrbi^. The sequence of the values is 
logical since t u + increases as the size of the anions 
progressively increase, namely passing from LiC10 4 - 
bascd, to v LiAsF^based ^aiid li^N(CiEiSO^ a -^s«i; 
electrolytes, However, the values of the transference- 
numbers of the, PAN-electrolytcs are much higher 
than those, usually obtained for liquid and for PEO^ 
based polymer electroIytcs[6]. Although, this differ- 
ence could possibly be related to a specific role of the 
polymeric matrix on the lithium ion transport 
mechanismCS], one has to be aware that the tech-, 
nique used for the r u * determination may be associ- 
ated by a certain degree of uncertainty especially in 
highly concentrated solutions where the extent of 
ion-ion and ion-solvent association is unpredictable. 
It may be of interest to point out that high values of 
'u* have also been reported for other types of low- 



^ ^c^iiS^r^^ 'detect different peak times associ- 
ated to the different mobility of the ions migrating in 
opposite directions, f 

■"'^n'ia^^i^'^ifobiiity of a given ion, M\ can be 
obtained l^-tficjexpression ; 

■ ^ft-rf^KjcrJ. (2) 

where d is the sample's thickness, V is the applied 
voltage pulse and ij is the peak time. Accordingly, 
the lithium riansference number may be evaluated 
by the expression: 



+ T" 



(3) 



The ^ Sties' olnaricti with this method arc gener- 
ally lower than those obtained with the Bruce and 
Vincent's : method ise* Table 21 This discrepancy 
confirms the limitations, of the experimental tech- 
niques and the qualitative character of the data of 
; -table;! ^ ~<~,;., - . 



}^%c^\^^ l ^^^^^iUty window 

An important parameter for the characterisation 
of any ,dec*rplytei designed for battery applications 
is the extent of |t«; electrochemical stability window. 



Table 2. lithium transport numbers at 25.4°C 



Electrolyte 



Solvent/salt 
ratio 



Sample 



PC-LiC10 4 
PBO-Lia0 4 
UaO^C/EG-PAN r * 
LiAsF^PCyEC-PAW 
LiNrcFjSO^-PC/EC-PAN 

v U#(CF 3 SO J a ^BI7EC-PAN 



liqvrid ■ 
polymer 
17.6:1 
ir6;l t 
17.6:1 
17.6:1 
17.6:1 



Uv2f 



0.7J 
0,8$ 
,0.7* 
0j6$ 



a6§ 
a7§ 

0.6§ 
0.4§ 



: tlViti'i'^;: -v. c- 

i 1 " - 'l^, ;)V ' 



* Fromrefcrence[llJ v . .j. . : ... . 
t FromreferenceCel. 

t Calculated umng impedance techniquc[61 
$ Calculated using pulse tcchiuqu?[T]. ' ^ 

g ... .. .:. ........ ^ _ " 
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(3) 

! arc gener- 
9ruce and 
iiscrcpancy 
ental tcch- 
he data of 



cterization 
^plications 
window. 



of an nnert^test electron (in bur ?b s^:.\T^^^^^^^^ 
teel (SS) electrode) in the given dec- - Jg& !l!*§§: - *** ^ "Tt 



_ For instance, in the case of "conventional" rechar- 
geable lithium batteries (w batteries baaed on 
common intercalation cathodes, eg V 6 0,j) the sta- 
bility window of the electrolyte should be at least 4 V 
vs. Li. Even wider, ie xceeding 4.5 vs. Li, should be 
the stability window when highly oxidizing cathode 
materials, such as the layered UMQ t (M ^ Ni Co) 
or the spineUtype LiMn 2 0 4 compounds currently of 
interest for the development of high-energy lithium 
battencs or of high voltage lithium rocking chair 
batteries, are used. ■ a -V tf-"""/. ^ ± ■ 1 ■ 

For die determination of the anodic limit of the 
gel electrolytes we have used the generally accented 

procedure, namely J ' ■ 

voltage response "b_ 

case>.A stainless-steel (SS) electrode) in the given 

trolyte. Figure 4 illustrates, the current-voltage 
response obtained in a LiAsF ti -pq/EC-PAN 
(sample S-2} gel clecrolyte cell and, for comparison 
purposes, that obtained under the same sweeping 
conditions in a parent liquid solution. The anodic 
hmit of the former (about 4.3 V vs. Li) is lower than 
that of the latter (about 5.2 V vs. Li). A similar trend 
has also been found for the other PAN-based gel 
electrolytes examined in this work (Fig. 5 and fable 
Therefore, the addition bfF^H^eemstp influence 
- ° 3 y dat T^ i ! 1ehds Howe^ alSmigh narrower 
than that or the liquid soluHori, the stability window 
of the PAN-based gel electrolytes is still wide enough 
to allow saTc operation with the majority of the 
htnium battery electrode couples. 

4. Lithium pbuifiQ^tripping process *~ ■ 

The kinetics ' - oTf|the'^^th jum ^epbsition-stripping 
process: . ° 
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Voltage (V vs Li) 

Fig. 4. Oirreni-vottagc response at 20°C of a stainless 
«od electrode m a LiAsF.-PC/EC-PAN {sample £2) elcc- 
tolyte (cu™ a) and in a LiAsF«-PC liquid solution (aro 
- ^ m. bVScaii' rat$ lmV* • ' 

Tabic 3. Anodic decomposition voltage 



Electrolyte 



Sample 



Decomposition 
voltage ' . 
(volts vs. Li) 



LiOO.-PCyEC-PAN $.1 > 

LiAsF 6 -PC/EC-PAN $-2 

U00 4 -BL^PAK s-5 

LiN^SO^BL/EC-PAN S-6 



10 
4.3 
4.6 
4>8 
4.7 



: '3. /: v-; ,3;S- • -.4- •• ,4.5 S 
" ^?!?^*v(Y va Li) 

Fig. 3 Current-voltage response at 20*C of * stainless* 

So ^WW^J" ra,c: 

ljcju^-fc/EC-PAN (sample S«L curve at 
LiAsF^PC/EC-PAN (gamSe $i £££ 2* 

from PAN-based gel eJectrblytes on metal substrates 
(eg stainless-steel substrates) was determined by 
cyclic voltammetry. Figure 6 illustrates a typical 
result obtained in ceils using Li AsF 6 -PC/EC-PA N 
(sample S-2) electrolyte. A single cathodic deposition 
peak is followed by a single anodic stripping peak, 
rne peak definition is good and the peak areas arc 
comparable suggesting that the process is reversible, 
the kinetics are fast ahd'the efliciency is high 
However, the results of Fi^ 6 refer to a freshly 

v?^* Of the 

mitial behaviour oPriie^^ interface 
To investigate the properties of 'this electrode on a 
pralonfi^d -tt«e. 1 9i^:W'iuti«:monitored the related 
voltainme^ curves number of 

cycles. Figure 7 showi the response of the 1st, 12th, 
22nd M;*2nd cycles of U deposition^tripping 
process on a SS substrate from a ceil aged for one 
day. Some new features w {evident: (i) the original 

smgje anodic stripping pi^tcuds to split in two 
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Fig. 6. Cyclic vQltarometry at 20*C of a stainless-steel elec- 
trode UASF 6 -PQEC-PAN (sample S-2) electrolyte. 
. Uthiynt refereriicc. Scan rate: IraVs" 1 . 



peak$; (ii) the reversibility ; ;; of yjthe, process (as. 
expressed by the definition and the separation of the 
peaks) tends to. decrease upon cycling. The latter 
effect is indicative or a progressive deterioration of 
the interface, possibly due to passivation phenomena" 
(see next section). The former effect is unclear: in\ 
fact, it is difficult to explain the observed, two ''peaks':;, 
trend for the stripping process, unless assuming a 
formation of an intcrmetallic compound between the 
deposited lithium and the>substrate. 

5. Stability of the lithium electrode interface 

High conductivity, high Hthium trajwpon number 
and wide elcctrpchenucal ^nfibw^jalj^^;^ir^^ 
able properties, art) not sufficient to make an ^ 
lyte completely useful en practical terms; The 
compatibility with the electrode materials is also an 
essential parameter to guarantee acceptable per- 
formance m ^electrochemical devices, eg batteries, 
especially when cyclability and reliability are con- 
sidered. The trend of the cyclic voltammetry of aged 
cells (Fig. 7) suggests that lithium metal electrodes 
may undergo passivation when :f in contact v Svith • 



PAN-based gel electrolytes, To Hither investigate this 
v ^cial wpqetjand In the attempt of determining the 
stability -of "the 1 lithium interface over a prolonged 
time scale, we have carried out a detailed impedance 
^analysis of symmetrica] cells of the Li/electrolyte/Li 
type; st oreU iind tested under different conditions. 
Figure' 8* illustrates the results obtained with a 
k t U/b\C^ (sample SA)/Li ceil kept 

pndnuousjy under open circuit conditions at room 
: temper^ure. The ~jz m -Z' plots reveal a progressive 
expansion of themiddle frequency semicircle, an 
: M tf«"'*M4n;lithinin' cells may be typically related to 
intcrfacialiphenomena[16 ( IT), Indeed, in these cells 

*'^9SH^^ mav 00 associated 

-m^^^^^mf^inh of a resistive layer on the 
'ihdUfiin^^ n f 

the impeo^ni^ semicircle (Fig. 8) indicates that the 
Lithium electrode is passivated when in contact with 
the PAN-based gel electrolytes. On the other hand, 
this behaviour, which has been also observed in 
other !aboratories[5], is not surprising since some of 
the electrolyte components (ie EC and, particularly 
PC), are well known lithium corrosive agents. As 
pre\vi^ components diffuse from 

the bulk of the gel electrolyte to reach the lithium 
interface, thus inducing the observed passivation 

.cfltas v ,;.:'^ ■ 

WitH ihe^jto of mrther investigating these passi- 
vation ; phcn^^^ possibly, of determining the 
rale thatf^ salts may have in Us 
occurrencci we have followed the impedance 
response ^ ofv .tl cells using various types of PAN- 
and stored under different condi- 
tions. Fi^e^ illustrates the time ev lution of 
-a \ ^Li" : ^ sy^fefetrical cell again using the 
;^LiaO;^^^^^P A§ ^sample (S-l) electrolyte, 
this'ic&c^^ open circuit conditions have 
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Fig. 7, Cyclic, voltammetry of a stainless-sted electrode 
UaO^PC^Of-f AN (sample S-l) electr lyte. lithium ref- 
erence electrode Scan rate: lOroVa" 1 . The number of sub- 
sequent cycles Is indicated in the figure. 



b^iii u bc 



^Tiertubed by short potentiostatic 



pulses across' the cell, with the intent of determining 
the effects of the passage of current (eg clearing, film 
aUsruption, and so forth) at the interface. The middle 
frequency semicircle again expands with a continu- 
ous trend and the short current pulses do not seem 
to produce' any appreciable effect in controlling this 
tendency. This suggest? that the passivation layer is 
quite uniform on the lithium electrode surface and 
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300 1000 1MO 2000 

'"' r ; ; Real.Z'tOhm] 

Fig.S.'Httc evolution of the impedance of a 
U/LiCIO^PC/EC-PAN (sample S-1)/Li cell kept conunti- 
usly under pen circuit conditions at room temperature. 
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'j2^#«^-dh^"« the storage time 

^vJ^S^^^^^P^^ response of 
symmetncaJ cells of &eU/UNIC^SO I -prvsv- 

semicircle, th.s mtfacaUrig that the growth of the 



0 ~.^(fsS5^jjg$®o- boo icoo 



Real, a' fohm] . 

■T^?' PC/EC_PAN (sample S-l)/Li cell a i 2S°C 
unto different conditions: (1) after asscmblaw <ii after 3 h 

OOtt for 33 mtn; (3) after 2! h storage at OCV; (4) after^h 
storage at OCV; (5) after 48h storage at OCV foDowed bv 
a r£^^T (JOnjVJfor W^j^after iliSffr 
l l,^"JP h stora * e « OCV followed by a polar. 
Baton OOmV) for 6«min; (8) after 1 15h storage at OCV 

c^renlfW 10 - ** ^W* 1 ' ^ a modest 

By using a model drcuit which may be represent*, 
bve of the electrical .equivalent of the lithiS Sc- 
Urode .nrerfeceCiri, i, is possibIe „ £ e 

various impedance parameters which contribute to 
determine the evolution illustrated by Fig. 9. In this 
way o* ^ ^ ^ ,^ of .JS- 

The trend obtained for the LiCICvbased electrolyte 
cells confirms that the passivation occurs with a con- 

S£. 6r T h ° f * re ^ tive lav <* at the lidS 
interlace with a cumulative effect which appears to 

'' J ':' '•- .: t-> ..1206 
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F»6 H. Time evolution oF ihe impedance resDOtise of » 

M)/Li cell m 25*C under different conditions- m ish 
storage at ^GV-^)^^ 10 h 5i6^ « OCv^iiiwcd bv 

norage at ocv, (4) after S5h storage at OCV followed hv 
?n£ VO,toec (l0mV) P°l»Tttario« tor 480mi„ <3?a|W 
05h storage 8 , OCY; l*) alter 167h StomgTa.'ricV m 
I77h storage at OCV: (8) after 2tSh storage « OCV* 19) 
. after 224 h storage at OCV ' ( ' 
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J$ , f thc interfara and thus, good lithium cyclability 
; * ;^ It^ is -osu; >fi«fe^p^^cii^.-1Sb continue to explore this 

- - possibiUt^ of achieving a better under- 
standing and an effective c ntrol of the passivation 
phenomena., ^ 
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Fig. 12. Time evolution of the impedance response of a 
symmetrical U/LiAsF 6 -EC/PCPAN (sample S-2J/U ceil 
at 25°C under different conditions: (1) after assemblage; (2) 
after 1 h storage at OCV followed by a dc voltage (10 mV) 
polarization for 0.7mm; (3) after 2h storage at OCV; (4) 
after 72 h storage at OCV; (5) after 95 h storage at OCV; (6) 
,., **** H5h storage in OCV; (7) 1 17 h storage at OCV fol- 
lowed by a polarisation (lOmV) for 30tta£;] 

resistive layer can be effectively controlled by current 
flow through the interface. Then, we notice thai the 
extent of the expansion progressively decreases, this 
suggesting, that the passivation tends to reach a final 
level with no further progression. These aspects are 
confirmed by the trend of the intcrfacial resistance 
evolution reported in Fig. 10. 

Finally, the time evolution of the impedance 
response of the third case, namely of a symmetrical 

.^S^S^fp-. ;W The- response m- qualitatively 
aimfla^.^^-'dss^^or' the previously discussed cells 
However, the comparison of the trend of the inter 
lacial resistance (Fig. 10) reveals that the rate of 
passivation is different, being slow at the initial stage, 
to then becoming progressively much faster. ** 

In summary, the impedance analysis indicates that 
passivation or the lithium electrode takes place in all 
the PAN T based gel electrolytes here examined. On 
the other hand, the kinetics and the type of,pa^siyaf 
tion seems to vary from one electrolyte tb another; 
suggesting a definite role of the electrolyte salt in 
controlling the phenomenon. Therefore, one may 
hope that by the selection of a proper solvent-salt 
combination, the extent of the passivation may be 
limited to such an extern to assure acceptable stabil- 
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Copolymers of methacrylonitrile are reported. Surprisingly, their curing through urethane cross-links acts as an internal plastici- 
zation. This cross-linking prevents any dissolution or leakage, up to 90°C, when the networks are swollen by liquid organic 
electrolytes. These provide high conductivities, and the increase in resistivity with respect to pure liquid electrolytes remains *£2. 
The electrochemical investigation shows a clear improvement of stability in reduction as compared to polyacrylonitrile. The first 
evaluations of lithium insertion in graphite are encouraging. 
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The specifications of lithium batteries intended for the electronic 
application imposes an operation at low temperature which can be 
obtained only with liquid organic electrolytes. In parallel these bat- 
teries must be able to tolerate a temperature of 80°C over a period of 
several days. Within the framework of cellular phone application, 
the tendency is to decrease volume and weight, but operational re- 
quirements, i.e., accessibility of the keys, reading of the screen, 
make it impossible to envisage a reduction in the surface of the 
telephone. 1 Consequently, it is desirable to substitute prismatic bat- 
teries by flexible and thin batteries. The majority of the commercial 
batteries, in particular, prismatic, use a microporous polyolefin sepa- 
rator, which confers a particular safety, shut-down effect to the bat- 
tery with respect to a great increase in temperature. However, this 
type of separator exhibits poor affinities for the polar organic elec- 
trolytes and makes difficult their use for the manufacture of flexible 
and thin batteries. An alternative to these microporous separators 
consists in using a polymer swollen by the liquid organic electro- 
lytes. Thirty years ago, 2 these polymers swollen by the electrolyte 
were intended to manufacture "thin-layer" electrochemical ele- 
ments. The polymers proposed were, polyacrylonitrile (PAN), 3,4 co- 
polymer poly(methyl methacrylate) P(AN-co-PMMA), 5-6 polyvinyl 
chloride (PVC), 7 polyacetals as polyvinylbutyral (PVB), fluoro- 
polymers as polyvinylidene fluoride-co-polyhexafluoropropene 
(VDF/HFP), 8 " 10 or PMMA copolymers. 11 ' 13 The solvent retention 
ability of polymer gels decreases in the order of PMMA 2? PAN 
= poly(vinylidene difluoride) P(VdF-HFP) 2* PVdF. 14 The low- 
affinity polymers are advantageous with respect to the mechanical 
strength of polymer gels but are a disadvantage with respect to ionic 
conductivity. It was also proposed to use poly(oxyethylene) (POE) 
networks. 1 These adapted well to dry lithium-polymer applications 
but are much less interesting compared to organic solvents. 

We chose to use a polynitrile because of the strong dipole mo- 
ment of the nitrile group and the affinity of PAN for the usual 
lithium salts and the polar solvents which constitute the liquid elec- 
trolyte. However, the electrochemical instability of PAN with a 
lithium negative electrode has been known for a long time and has 
been highlighted from measurements of PAN electrolyte/lithium in- 
terface resistances and their evolution with time. 16 We attributed 
much of the PAN instability to the existence of the rather "acidic" 
hydrogen in the alpha position of the nitrile group. To solve this we 
chose polymethacrylonitrile (PMAN) in which a methyl group re- " 
places this hydrogen. PMAN's ability to complex the lithium 
cation • was recently studied by IR spectroscopy and differential 
scanning calorimetry (DSC). In fact, PMAN allows one to dissolve 
varied lithium salts up to very high concentrations. 

A comparative study of the electrochemical stability of polyni- 
triles was recently carried out through model molecules, 19 isobuty- 
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ronitrile (iBuCN) and tertiobutyl nitrile (tBuCN) which reproduce 
the polymer repeat units of PAN and PMAN, respectively. This 
study showed without ambiguity that iBuCN is definitely less stable 
in reduction than tBuCN, even in the absence of lithium, while 
iBuCN is slightly more stable in oxidation than tBuCN. 

PMAN has many advantages with respect to PAN: (f) a good 
solubility in various solvents, making easier the films casting 
method, and (ff) a much weaker release of cyanhydric acid during a 
thermal degradation, 20 which leads mainly to the PMAN depolymer- 
ization. But contrary to PAN, whatever its molecular weight, it does 
not lead to physical gels with the usual organic electrolytes. As a 
consequence, the swelling of unidimensional PMAN homopolymers 
by liquid organic electrolytes results in very poor mechanical prop- 
erties. In order to overcome this drawback we partially cross-linked 
a PMAN homopolymer by UV insolation in the presence of mono- 
mers with a functionality equal to four. 18 

Despite its convenience, this method does not allow a control of 
the cross-links distribution and is not adapted to all kinds of pro- 
cesses as it imposes a UV exposure of the polymer electrolyte. An 
alternative consists in preparing unidimensional prepolymers with a 
function allowing their further cross-linking, the syntheses of pre- 
polymers, carried out by free-radical polymerization, gives access to 
a broad variety of copolymers. We present the networks formed by 
pdlyaddition between copolymers of methacrylonitrile/hydroxyethyl 
methacrylate and diisocyanates. 

Experimental 

Methacrylonitrile obtained from Aldrich was distilled before use 
and maintained at near 0°C. Hydroxyethylmethacrylate, butyl- 
methacrylate, and polyethylene glycol)ethyl ether methacrylate Mn 
= 246 g/mol were used as received. The lithium salt LiTFSI, ob- 
tained from Fluka, was dried at 100°C under vacuum for 48 h and 
then stored in a glove box. LiPF 6 obtained from Merck was stored 
as received in a glove box. The graphite electrode was prepared with 
74.9% of superior graphite (LBG50, 3-24-1) mixed in dibutyl phta- 
late DBP, with 15% PVdF-HFP copolymer and 10% acetylene 
black. The electrode washed with methanol (to remove DBP), dried 
24 h at 60°C in vacuum, and was then stored in glove box under 
argon. 

The different copolymers were obtained by free-radical polymer- 
ization in bulk using azobisisobutyronitrile as the initiator. The tem- 
perature was maintained at 80°C for 2 days. The polymer thus ob- 
tained was dissolved in dimethyl ketone and then precipitated in 
pentane agitated by an ultrasonic bath. The method of ultrasonic 
stirring yields better polymer dispersion, and so higher polymer pu- 
rity was obtained. The material was dried for several days at 50°C 
under vacuum. 

All sample preparations were carried out in an argon dry box. 
The swollen network electrolytes were prepared according to the 
following process: Solutions were prepared by dissolving the co- 
polymer and a diisocyanate, used as a cross-linking agent in anhy- 
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Table I. Determination of the composition of copolymers by H 1 NMR, MWD of terpolymers." 



HEMA 
(mol%) 
In the initial 
monomer 
mixture 



HEMA 
(moI%) 

Incorpored 
in the 

copolymer 



BUMA 
(mol%) 
In the initial 
monomer 
mixture 



BUMA 
(mol%) 

Incorporated 
in the 

copolymer 



PEGEEM 
(mol%) 
In the 
initial 
monomer 
mixture 



PEGEEM 
(mol%) 
Incorpored 

in the 
copolymer 



Mw(g/mol) 



/ = Mw/Mn 



Bl 


3 


5.8 


B2 


5 


7 


B3 


10 


17.4 


Tl 


3 


5.5 


T2 


3 


7.9 


T3 


3 


6.5 


T4 


10 


14.7 


T5 


10 


15.3 


T6 


10 


11.1 


T7 


2.8 


5.1 


T8 


2.8 


9.4 


T9 


2.8 


9.8 



5 
10 
20 

5 

10 
20 



7.3 
13.2 
21.7 

5.4 
11.9 
19.4 



3.7 
5.6 
7.2 



4.7 
5 
11 



89,000 
189,000 
600,000 

36,900 
116,800 
305,400 
184,000 



1.2 
1.4 
1.9 
1.5 
1.3 
1.6 
4.1 



* Mw expressed in polystyrene equivalents. 



drous dimethyl ketone. Sometimes the liquid electrolyte was added 
to the previous solution. According to the typical casting procedure, 
the dimethyl ketone solution was cast in a glass ring on a poly(tet- 
rafluoroethylene) (PTFE) plate. The dimethyl ketone was then 
evaporated and the resulting film cross-linked at room temperature 
in a glove box via the formation of urethane bonds. According to the 
diisocyanate used, the cross-linking was performed for 1 day with 
tolylene-2,4-diisocyanate (TDI) and 2 days with hexamethylene di- 
isocyanate (HMDI). 

To calculate the percentage of insoluble material, the films were 
swollen and washed several times in dimethyl ketone. Afterward 
they were dried at 50°C under vacuum for 24 h. The weight differ- 
ence between the latters and the initial films, i.e., before swelling, 
allows the insoluble rate to be determined. 

Glass transition temperatures, r g , were measured under helium 
or argon flow on a Netzsch STA409 Thermal Analyzer. Using a 
typical procedure, samples were cooled rapidly from room tempera- 
ture to -100°C. Then the samples were heated to 100°C at 10°C/ 
min increments. The first scan was stopped at 100°C to prevent 
potential PMAN cyclization. During the second scan the samples 
were heated to 150°C. T g values were determined from the second 
scan. Swollen network electrolytes were analyzed at lower scan 
speed, i.e., 5°C/min, to get a good stabilization of heat flow in the 
low-temperature domain. 

Gel permation chromatography (GPC) analyses were performed 
in tetrahydrofuran (THF), filtered (0.4 |xm) and degassed before- 
hand, on a Waters 590 GPC instrument equipped with a differential 
refractometer Waters 410 and a Waters 745B "data module". 
Samples were analyzed, through three ultrastyragel columns of 500, 
10 3 , and 10 4 A, at a solvent flow rate of 1.2 mL/min. Average 
molecular weights were calculated in equivalent polystyrene, using 
the calibration curve established from polystyrene standard samples. 

Ionic conductivities of the lithium salt/polymer complexes were 
determined, under argon, by impedance spectroscopy over the fre- 
quency range 5 Kz to 13 MHz, using stainless steel blocking elec- 
trodes and an HP 4192A analyzer. 

Voltamperometry was performed using a three-electrode configu- 
ration cell. Stainless steel was used as the working electrode while 
two lithium metallic foils were used as the reference and auxiliary 
electrodes. Experiments were carried out under argon with a scan- 
ning rate of 7.5 mV/min using a MacPile computer. The same three- 
electrode configuration was used for the characterization of the com- 
posite electrodes. 



Results and Discussion 

Synthesis and characterization of the copolymers. — Free-radical 
polymerization of methacrylonitrile (MAN) lead to fully amorphous 
polymers. The same goes for alkylmethacrylate and oligo(oxyethyl- 
ene) methacrylate, providing that the alkyl and oligo(oxyethylene) 
dangling substituents are short enough to avoid side-chain crystalli- 
zation. Copolymers consisting of these monomers are therefore 
amorphous. The reactivity ratios of MAN and methacrylate are close 
enough to expect the monomer repeat units to be randomly distrib- 
uted in the copolymer chains. 21,22 In MAN copolymers hydroxyeth- 
ylmethacrylate (HEMA) is intended to provide a network through 
the reaction of its primary alcohol function with a diisocyanate. A 
third methacrylate monomer may be used in order to induce an 
internal plasticization of the copolymer. For this purpose we selected 
either an apolar dangling substituent, butyl, with butylmethacrylate 
(BUMA), or a polar one oligo(oxyethylene) with polyethylene gly- 
col) ethyl ether methacrylate (PEGEEM) (Scheme 1). Compositions 



?«3 9H, 9H S 




H2? 

OH 

R « -CH 2 -CH 2 -CH 2 -CH 3 Butyl methacrylate BUMA 

R- *{ch 2 -CH 2 -C^CH2-CH3 Polyethylene glycol) ethyl ether methacrylate 

of copolymers MAN/HEMA and terpolymers MAN/HEMA/BUMA 
or MAN/HEMA/PEGEEM were determined by ! H NMR (Table I). 
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Table II. Comparison of T z between prepolymers and related 
networks. 











r g of 




Calculated 






urethane 




r g0 f ' 


T s of urethane 


(HMDI) 


Copolymer 


T g of 


Prepolymers 


(TDI) networks 


networks 


prepolymers (°C) 


(°C) 


<°C) 


(°C) 


Bl 


115 


92.8 


74.1 


49.2 


B2 


113 


78.8 


55.2 


45.7 


B3 


106.3 


95.8 


63.5 


41.1 


Tl 


91 


98.4 




57.7 


T2 


84 


90.8 


64.6 


63.5 


T3 


73 


80.4 


66.5 


66.6 


T7 


60 


77.8 


51.9 


56.5 


T8 


57 


67.7 


56.3 


49.5 


T9 


20 


66.5 


55.2 


53.3 



MAN/HEMA copolymers with different MAN/HEMA ratios 
were obtained. To the best of our knowledge, MAN/HEMA reactiv- 
ity ratios have not been reported. From the nuclear magnetic reso- 
nance (NMR) data, HEMA seems be more reactive than MAN 
(Table I). In terpolymers (Table I) HEMA appears still more reactive 
than MAN, but its proportion depends on the third comonomer ratio. 
The NMR data show that PEGEEM and BUMA are also more re- 
active than MAN. In the case of MAN and BUMA, the reactivity 
ratios (r, = 0.56 and r 2 = 0.75) 22 calculated for a MAN/BUMA 
copolymerization are in agreement with our results. 

Molecular weight. — The molecular weight distribution (MWD) was 
characterized by GPC in THF, and the average molecular weights 
(Mw), Mn, and the polydispersity index (7) were calculated from a 
calibration curve in polystyrene (Table I). MAN/HEMA copolymers 
prepared in bulk probably have molecular weights which are too 
high to prevent their dissolution in THF. On the other hand, the 
dissolution and analysis by GPC of dipolymers prepared in solution 
was successful and provided for this sample: Mw= 70,000 g/mol, 
Mn=40,000 g/mol, and / = 1.75. 

Due to the presence of the third monomer unit, most of the 
terpolymers prepared in bulk, even of high molecular weight, are 
soluble in THF. Medium to fairly high molecular weights were ob- 
tained for the terpolymers BUMA/HEMA/MAN; however, these 
values were not obtained from light scattering or membrane osmom- 
etry. We are confident with the molecular weight distributions and 
the relatively low polydispersity index, around 1.5, must be empha- 
sized. 

According to the content in PEGEEM, terpolymers are soluble or 
insoluble in THF. Even the insoluble terpolymers are not cross- 
linked as they are soluble in dimethyl ketone. Contrary to the pre- 
vious BUMA/HEMA/MAN terpolymers, PEGEEM/HEMA/MAN 
samples soluble in THF exhibit a wide molecular weight distribution 
with a polydispersity index 5*4. This discrepancy with the values 
obtained for B UM A/HEM A/MAN terpolymers might be attributed 
to transfer reaction, and probably branchings, involving the oli- 
go(oxyethylene) side chain of PEGEEM. 

Thermal properties. — DSC analyses performed on all these samples 
confirm their amorphous character. The empirical relation l/r g 
= w * /T z A + w b /t % b allows the T g of a statistical copolymer 
poIyA-co-poIyB to be predicted roughly. W A and W B are the mass 
fractions of polyA and polyB in the copolymer, respectively, while 
r gA and T gB are the glass transition temperatures of the homopoly- 
mers polyA and polyB. The Polymer Handbook 23 provides conflict- 
ing data on T g of polyHEMA, with values ranging between 328 and 
359 K. PolyBUMA has a T g close to 293 K and PEGEEM has a T g 
close to 175 K. As the T g of PMAN is around 393 K, one may 
expect that MAN copolymerization with these monomers more or 
less induces an internal plasticization. Table II, which lists T g values 

PROOF COPY 002301JES 



of these copolymers, is in agreement with this internal plasticization 
assumption. All these samples exhibit lower T g than PMAN ho- 
mopolymer (T g = 120°C), but if T g values of MAN-HEMA co- 
polymers are always lower than those predicted by the Fox equation, 
T & measured for terpolymers is higher than predicted. 

In the MAN/HEMA copolymers, the incorporation of the HEMA 
unit results in a slight but continuous decrease in the T g values up to 
7 mol%. Thereafter a higher T gt but still lower than that of PMAN, 
is obtained for a HEMA molar composition of 17.4%. It might be 
assumed that at high HEMA content, interchain hydrogen bonds 
between two hydroxy groups behave as physical cross-links, de- 
creasing the chain mobilities and thus increasing T g . For both kinds 
of terpolymers, T g decreases markedly when the concentration of 
the third comonomer increases. In agreement with the T g of poly- 
BUMA and polyPEGEEM homopolymers, T a decreases more for 
PEGEEM/HEMA/MAN terpolymer. 

Synthesis and characterization of the networks. — TDI and HMDI 
were used to cross-link, in bulk, the copolymers through the forma- 
tion of urethane bonds (Scheme 2). The content of insoluble poly- 




HjC 



B5C 



mer depends on the cross-linking process. Indeed, the cross-linking 
may be performed either on a dry copolymer, e.g., free of any sol- 
vent and salt, or on a copolymer swollen by the liquid electrolyte. 
The percentage of insoluble polymer was determined on cross- 
linked polymer membranes in two ways, first without solvent and 
salt and after with the liquid electrolyte. Without solvent our mem- 
branes presented a very high insoluble rate, nearly 90%. In the pres- 
ence of electrolyte the cross-linking reaction is also efficient, as an 
insoluble rate near 80% was obtained. 

Surprisingly, we noticed a spectacular decrease in T g value for all 
our membranes whatever curing agent, HMDI or TDI, was used 
(Table II). This effect is more noticeable, however, when HMDI is 
used as curing agent. An increase in cross-link density is associated 
to a decrease in available free- volume, and T g value is expected to 
increase. Such behavior was reported by Carvalho et at. 24 with 
polyether-urethane networks. As the decrease in T g is observed both 
with a flexible diisocyanate, HMDI, and with a rigid one, TDI, the 
internal plasticization induced by the curing agent is not the sole 
factor. It may be assumed that cross-linking speads the polynitrile 
chains, therefore minimizing the nitrile/nitrile Van der Waals inter- 
actions, which is great in the case of polar groups. Such T g decrease 
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Table III. Conductivity values of swollen electrolyte networks at "C 

different tpmnprnhiroc hncaH a** i: _i i i C 







Temperature 




-20°C 


20°C 


60°C 


EC/PC (1/1) 


1.64 


5.59 


11.3 


LiTFSI 1 M 








Bl 


0.56 


2.69 


5.55 


B2 


0.78 


3.25 


6.51 


B3 


0.8 


2.99 


5.82 


Tl 


0.61 


2.3 


4.53 


T3 


0.63 


2.14 


4.1 


T4 


0.46 


1.75 


3.54 


T5 


0.53 


1.7 




T6 


0.41 


1.56 


3,02 


T7 


0.84 


2.99 




T8 


0.81 


2.73 


4.13 


T9 


0.72 


2.26 


4.62 



90°C 



7.7 
8.7 

7.5 ct (mS cnT 1 ) 



was already reported for complexes of lithium salt and PMAN 19 and 
explained by a preferential interaction between CN and lithium cat- 
ion. 

T g values near 40°C could be obtained, 80°C lower than that of 
PMAN. Surprisingly, the membranes obtained using bipolymers 
presented the lowest F g values. As the decrease in T & might be 
related to unreacted diisocyanate acting as an external plasticizer 
rather than to cross-linking, we performed comparative DSC analy- 
sis between unwashed and washed membranes. We found that not 
only does the washing not result in a T g increase but the washed 
membrane exhibited T g lower, 49°C, than that obtained with the 
unwashed one, 60°C. 

In our study the cross-linking is therefore the best internal plas- 
ticization. As we obtained lower 7 g values wim HMDI, we used 
these compounds for the electrochemical investigation in the follow- 
ing studies. 

Ionic conductivities. — Due to the solubility of the linear copoly- 
mers in liquid electrolytes, ionic conductivity measurements were 
restricted to the networks. They were performed on networks swol- 
len by two kinds of liquid electrolytes. The first one, consisting of a 
LiTFSI 1 M solution in an EC/PC mixture (1/1 in volume), might be 
used in nonrechargeable lithium batteries, as LiTFSI has a good 
stability with metallic lithium. 25 To some extent it might also be 
used in lithium rechargeable batteries, whose lifespan is limited. 
However, LiTFSI induces a corrosion of aluminum current 
collectors, ■ and this liquid electrolyte is thus not suitable for 
lithium-ion batteries, despite its high viscosity. The second kind of 
liquid electrolyte thus consists of LiPF 6 I M in solution in a ternary 
mixture ethylene carbonate/dimethyl carbonate/diethyl carbonate 
(EC/DMC/DEC, 2/2/1 in volume). 

Ionic conductivity of networks swollen by LiTFSI electrolyte.— The 
conductivity measurements were performed on swollen network 
electrolytes with the following composition in weight 

Copolymer 11%, 89% EC/PC (1/1 in volume) 1 M LiTFSI and 
obtained by swelling the network with a 1 mol L" 1 solution of 
LiTFSI in a 1/1 mixture (in volume) of EC and PC. 

Table III lists the conductivities at different temperatures, 
namely, 20°C, 20°C, 60°C and, in the case of the more conductive 
electrolytes, up to 90°C. All the membranes exhibit high conductivi- 
ties. The less conductive ones are based on MAN/BUM A/HEMA 
networks but nevertheless reach 2 mS/cm at 20°C. At -20°C MAN/ 
HEMA/PEGEEM networks are only slightly more conductive. 
Therefore, due partly to the internal plasticization provided by 
HMDI curing agent, the best networks are also the simplest ones, 
i.e., MAN/HEM A networks. The measurements carried out on vari- 
ous membranes show good reproducibility. The conductivity mea- 
surement accuracy is evaluated at ±3 X 10~ 4 S/cm. The ability of 
MAN/HEMA network electrolytes to endure a temperature of 90°C 
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7' 10* 



10* 



10- 



■ 2 



8 8 



4 fi • x 

a - * 



26 



2.8 



3.2 



3.6 



!_ 

3.8 4 
1000/T (K* 1 ) 



MAN/HEMA (5.8%) 1 1% - 89% electrolyte EC/PC (1/1) UTFSI IM 
MAN/HEMA (17.4%) 11% -89 % electrolyte EC/PC (1/1) LiTFSI 1M 
MAN/HEMA (7%) 11% - 89% electrolyte EC/PC (l/I) LiTFSI 1M 
liquid electrolyte EC/PC (1/1) LiTFSI 1M , 
PAN 1 1% - 89 % EC/PC (1/1 ) UTFSI1M 



Figure 1. Conductivity plots vs. T~ l ; comparison between liquid electro- 
lyte, swollen MAN/HEMA networks, and gelled PAN. 



without damage must be emphasized. Indeed, not only no mechani- 
cal damage is observed as a result of this heating but the ionic 
behavior is retained, as the conductivity curves obtained by cooling 
from 90 to -20°C are perfectly superimposed on that obtained by 
heating from -20 to 90°C. 

Arrhenius plots of MAN/HEMA network electrolytes, in the 
whole temperature range Fig. 1, are compared with the conductivity 
of pure liquid electrolyte and the conductivity for PAN swollen by a 
similar electrolyte. The figure illustrates the temperature dependence 
of conductivity with HEM A composition. Conductivities near 3 
X 10~ 3 S/cm at 20°C were obtained with all the samples. The mem- 




1000/T (IT 1 ) 



* MAN/HEMA (5.8%) 1 1% - 89% electrolyte EC/PC (1/1) LiTFSI 1M 
□ MAN/HEMA (7%) 11% - 89% electrolyte EC/PC (1/1) LiTFSI 1M 

• MAN/HEMA (7%) 13% - 83% electrolyte EC/PC (1/1) LiTFSI 1M 
x MAN/HEMA (5.8%) 13% - 83% electrolyte EC/PC (1/1) LiTFSI 1M 



Figure 2. Conductivity comparison between Bl and B2 networks, swollen, 
at 83 and 89%, by a molar solution of LiTFSI in EC/PC (1/1 in volume). 
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Table IV. Comparison of the VTF parameters of liquid electro- 
lyte and those of swollen electrolyte networks based on cross- 
linked MAN/HEMA dipolymers. 



Electrolyte 



7*0 (°C) 



E t (eV) 



EC/PC (1/1) + LiTFSI 1 M 
Bl + 89% liquid electrolyte 
B2 + 89% liquid electrolyte 
B3 + 89% liquid electrolyte 



-136 
-86 
-90 
-90 



0.058 
0,03 
0.03 
0.029 



brane B2 consisting of 7% HEMA is slightly more conductive. Ex- 
cept at the lowest temperature, i.e., -20°C, where the conductivity 
gap between our networks is 40%, this gap remains around 20%. 
This might be explained by two opposing effects. Indeed, the in- 
crease in cross-link density should decrease the conductivity, while 
the internal plasticization, induced by HMDI curing agent, should 
increase it. 

The gap between the previous network electrolytes and that 
based on swollen linear PAN is far greater and ranges between 380 
and 480% according to HEMA composition. The nature of the swol- 
len polymer PMAN or PAN therefore plays an important part in the 
electrolyte's conductive ability. This is surprising as it is known that 
in swollen polymer electrolytes the liquid solvents ensure both the 
ionic dissociation and the . ionic mobility, while the main function of 
the polymer matrix is to provide suitable mechanical properties, 
allowing the electrolyte to be shaped into thin membranes. In addi- 
tion, the repeat unit of PAN is very close to that of PMAN, even if 
the donicity of the tertiary nitriles (in PMAN) is probably increased 
as compared to the secondary nitriles (in PAN) by the +/ inductive 
effect induced by the methyl substituent. We assume that on the one 
hand, the spacing resulting from the cross-linking decreases the 
nitrile/nitrile interactions in the case of PMAN networks. Due to the 
electron withdrawing effect of nitrile, the C-H bond (of PAN) is 
slightly polarized with a partial positive charge on the hydrogen. 
Hydrogen bonds between C-H and nitrile should still increase the 
chain-chain interaction in PAN electrolyte and decrease the ionic 
mobility. 

The conductivity comparison between the liquid electrolyte 
alone and the networks swollen by the same electrolyte shows that 
the ratio between their conductivities does not exceed a factor 2, this 



Table V. Comparison of T u values of the liquid electrolyte, the 
dry cross-linked copolymer, and the swollen network electrolyte. 



Copolymer 
Bl 



EC/DMC/DEC 
(2/2/1) 
LiPF 6 1 mol L~' 



Bl 



EC/DMC/DEC 
(2*2/1) 
LiPF 6 1 mol L" 1 



T % (°C) 



58.5 



-99.7 



-75.1 



ratio decreasing when the temperature increases. This low difference 
is a clear advantage for PMAN networks with respect not only to 
PAN but also to microporous separators. 28,29 

Figure 2 compares the conductivities of Bl and B2 swollen by 
the previous electrolyte, but at two swelling ratios, i.e., 83 and 89%. 
The conductivities of both Bl- and B2-based membranes decrease 
when decreasing the amount of solvent. However, even the less 
conductive electrolyte reaches 2 mS/cm at 20°C. A lower swelling 
ratio improves the mechanical strength of the membrane and there- 
fore allows film thickness to be decreased, but it also allows the 
electrolyte cost to be decreased. Lastly, an optimization of the net- 
work microstructure might allow the conductivity drop to be de- 
creased when the swelling ratio is lowered. 

A free volume behavior is generally observed for concentrated 
liquid electrolyte, molten salt, and was also reported in swollen 
polymer electrolytes. 31 

The conductivity evolution for Bl, B2, and B3 swollen by 89% 
solvent and for the liquid electrolyte seems to follow a Vogel- 
Tamman-Fulcher (VTF) type law. T 0t the ideal glass transition tem- 
perature, and pseudoactivation energy, E z , are gathered in Table IV 



9 (k(T- T 0 )) 



a{T) = 7? exp l 

The comparison between T 0 of liquid electrolyte and those of the 
networks shows that due to the incorporation of rigid polymer 
chains, T 0 increases noticeably. T 0 values of B 1 , B2, and B3 are 
close to 7* g values reported for swollen polymer electrolytes. 32 Low 
values of E„ are obtained, consistent with conductivities slightly 
dependent on the temperature in liquid electrolytes. 



400 




x liquid electrolyte EC/DMC/DEC (2/2/1 ) LiPF^ I M 

• MAN/HEMA (5.8%) 11% - 89% electrolyte EC/DMC/DEC (2/2/1 ) LiPF 6 1 M 

♦ MAN/HEMA (5.8%) 16% - 84% electrolyte EC/DMC/DEC (2/2/1 ) LiPF 1M 



Figure 3. Conductivity plots vs. T~ l : comparison between liquid electrolyte 
and swollen MAN/HEMA networks. 
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-*— MAN/HEMA (5.8%)+ 89% EC/PC (1/1) LiTFSI 1M 

-B— MAN/HEMA/BUMA (78.9%-7.9%-I3.2%)+ 89% EC/PC (1/1) LiTFSI 1M 

-O — MAN/HEMA/PEGEEM (79.2%-9.8%- 1 !%)+ 89% EC/PC (1/1) LiTFSI 1M 

-EB— EC/PC (1/1) LiTFSI 1M 

-e— PAN 11% + 89% EC/PC (1 /I) LiTFSI 1M 



Figure 4. Interface resistance evolution with time for liquid electrolyte and 
swollen electrolyte networks. 
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Figure 5. Cyclic voltammetry of B2 network swollen, at 89%, by a molar 
solution of LiTFSI in EC/PC (1/1 in volume). Temperature 30°C, sweep rate 
7 mV min -1 , working electrode stainless steel. 
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Figure 6. Cyclic voltammetry performed on Bl network swollen by LtPF 6 
ternary liquid electrolyte on graphite electrode. Sweep rate 40 mV/h, tem- 
perature 30°C 



Ionic conductivity of networks swollen by LiPF 6 electrolyte. — We 
selected membrane Bl, which presents the best compromise be- 
tween mechanical strength and conductivities, and used it to prepare 
networks swollen by the following electrolyte EC/DMC/DEC (2/2/ 
1), LiPF 6 1 mol L" 1 . Besides the use of LiPF 6 instead of LiTFSI, 
propylene carbonate has been replaced by a mixture of acyclic car- 
bonates DMC and DEC. The latter have a poor dielectric constant, a 
donor number close to the cyclic carbonates, but are known to sig- 
nificantly decrease the electrolyte viscosity, in particular, at low tem- 
perature. 

Two swelling ratios were compared. The first one with 11% Bl 
and 89% of liquid electrolyte (10.4% salt and 78.6% solvent mix- 
ture), the second one with 16% Bl, 84% electrolyte (9.8% salt and 
74.2% solvent mixture). The second swelling ratio, i.e., 84%, corre- 
sponds to the swelling equilibrium at ambient temperature. This liq- 
uid electrolyte based on LiPF 6 is more conductive than the previous 
one based on LiTFSI in the entire temperature range (Fig. 3), the 
conductivity reaching 10. mS cm -1 from 20°C. Figure 3 shows that 
the increase in swelling ratio leads to a significant increase in con- 
ductivity. The highest swelling ratio leads to a decrease in the net- 
work conductivity by a factor of 1.6 with respect to the pure liquid 
electrolyte. However, even the lowest swelling ratio provides a con- 
ductivity of 3 mS cm 1 at 20°C. Still again the use of swollen Bl 
network does not result in a dramatic increase in the electrolyte 
resistivity. This might be due to the slight T g increase induced by the 
use of PMAN networks. Indeed 1 M solution of LiPF 6 in EC/DMC/ 
DEC (2/2/1) exhibits a T g of -99.7°C while that of the network 
swollen by 89% of this liquid electrolyte remains very low, i.e., 
-75.1°C (Table V). 

Electrochemical stability investigations. — Impedance analyses of 
symmetrical cells Li/electrolyte/Li were performed to compare the 
interfacial resistances of the different swollen network electrolytes. 
As the stability of LiPF 6 vs. metallic lithium is questionable, this 
study was performed on LiTFSI-based electrolytes. The cell was 
maintained at 30°C for more than 2 weeks. The interfacial resis- 
tances remain constant and even decrease for the three kinds of 
swollen network electrolytes (Fig. 4). They are slightly lower than 
that of the pure liquid electrolyte. 

The same experiment on PAN swollen by the same electrolyte 
shows a continuous increase in interfacial resistance, in accordance 
with other results. 16 These first investigations reinforce our choice to 
replace PAN by PMAN network which allows the electrolyte/ 
lithium interface stability to be improved. 

The cyclic voltammetry performed at 30°C, over a potential 
range from -0.1 to 4.8 V vs. Li/Li + with stainless steel as the 



working electrode, on sample B2 swollen by LiTFSI electrolyte is 
reported in Fig. 5. A fairly good stability during the reduction reac- 
tion is observed, although the lithium plating-stripping only affords 
a yield close to 75% on average over the first eight cycles. The 
oxidation wall started near 4.4 V vs. Li/Li + . This oxidation must be 
attributed to the copolymer oxidation as the oxidation of the anion 
TFSI" is observed near 5.7 V vs. Li/LiV 3 ' 34 The oxidation wall 
potential is close to that reported with PAN/EC/PC/LiTFSI 
electrolyte. 16 

Lithium insertion was investigated using the B 1 network swollen 
by LiPF 6 ternary liquid electrolyte. The reduction scan, Fig. 6, 
shows three peaks at respectively 0.1, 0.2, and 0.35 V vs. Li/Li + . 
Each peak is related to a stage of transition of lithium insertion into 
graphite electrode and in accordance with the four main stages of 
lithium insertion into graphite. 35 The reversible capacity is 3.18 
mAh cm 2 (326 mAh g" 1 ), while at the first cycle, the irreversible 
one is 0. 1 5 mA cm 2 ( 1 5.4 mAh g~ *), representing 4.5% of the total 
capacity. The cyclic voltammetry shows the swollen network elec- 
trolyte stability vs. this negative electrode. 

Conclusion 

PMAN networks are promising materials for lithium-ion poly- 
mer batteries, as their swelling by usual liquid electrolytes allows 
very high conductivities to be reached. In addition, the curing pre- 
vents the polymer from being dissolved and the resulting electro- 
lytes are stable at least up to 90°C. The electrochemical investi- 
gations performed with these electrolytes support our initial assump- 
tion that a substitution of hydrogen by a methyl group in polynitriles 
should improve the electrolyte stability in reduction with regard to 
PAN electrolytes. They are in agreement with our comparative in- 
vestigations on molecules reproducing the repeat monomer units of 
PMAN and PAN. The first data obtained with graphite negative 
electrode are very encouraging. Further studies will deal with the 
design of a lithium-ion polymer battery adapted to PMAN networks 
and allow their complete evaluation with regard to cyclability, self- 
discharge, etc. 
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